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Abstract —Aﬂow control mechanism is used in combined
input-crosspoint buﬀered (CICB) switches to avoid buﬀer
overﬂow and underﬂow. Credit-based ﬂow control is widely
used in CICB switches to reduce the required crosspoint-buﬀer
size. For simpliﬁcation, we analyze an ﬂow control mecha-
nism with active queue management (AQM) and a propor-
tional controller. We show that the ﬂow control mechanism
is stable for small crosspoint buﬀer sizes and non-negligible
round-trip times. In addition, we observe the eﬀect of an in-
put shaper combined with a proportional controller. We show
that the input shaper reduces the response time of the ﬂow
control mechanism.
Keywords —B u ﬀered crossbar, proportional control, stability,
ﬂow control, crosspoint buﬀer, round-trip time
I. INTRODUCTION
Combined input-crosspoint buﬀered (CICB) switches are
an alternative to input-queued (IQ) packet switches to
provide high-performance switching and to relax arbitra-
tion timing for packet switches with high-speed ports.
CICB switches use time eﬃciently as input and output
port selections are performed separately. CICB switches
use virtual output queues (VOQs) at the inputs to avoid
the head-of-line (HOL) problem, and internal transmis-
sion of ﬁxed-length packets to simplify their implemen-
tation. Variable-size packets are segmented into cells at
their arrival and reassembled at their departure from the
switch.
A lot of research work on AQM mechanisms has been
done recently. Most of this work focuses on supporting
congestion management for the transmission control pro-
tocol (TCP) ﬂows. The objective of AQM mechanisms
is to provide early congestion notiﬁcation to the sources
so they can reduce the sending rate to avoid packet loss
produced by buﬀer overﬂow [2].
We can consider a ﬂow control mechanism where the pa-
rameter in observation is the queue occupancy. In this
case, control theory can be applied to analyze and design
queue management schemes. This paper focuses on ap-
plying control theory to analyze a ﬂow control mechanism
for a CICB switch.
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Credit-based ﬂow control is used for avoiding buﬀer over-
ﬂow [1]. This ﬂow control mechanism has been applied
to CICB switches with a negligible transmission delay in
switches [3], where the transmission delays are the prop-
agation delays of sending a cell from the input port to
a crosspoint, and the ﬂow control information from the
crosspoint buﬀer to the input port. The sum of the
transmission delays plus the selection delays at inputs
(VOQ selection) and outputs (crosspoint buﬀer selection)
is called round-trip time. As the buﬀered crossbar switch
can be physically located far from the input ports, ac-
tual round trip times (R0) can be non-negligible. Non-
negligible round trip delays have been considered in [4],
[5], for practical implementations.
However, in a credit-based ﬂow control mechanism, the
stability of the switch, as a product of the round-trip time
and crosspoint-buﬀer size, might be diﬃcult to analyze. In
this paper, we use a proportional (P) controller for a ﬂow
control mechanism for a CICB switch. We analyze the
relationship between the round-trip time and crosspoint
buﬀer size and the eﬀect on stability.
This paper is organized as follows. Section II brieﬂyi n -
troduces the AQM-based ﬂow control model in a CICB
switch and presents the analysis on the relationship be-
tween the system stability and crosspoint buﬀer size as
well as round-trip time. Section III discusses the design
of an input shaper to obtain short transient response time
of a ﬂow control system. Section IV presents the conclu-
sions.
II. FLOW CONTROL MECHANISM AND
STABILITY ANALYSIS
F i g u r e1s h o w sab u ﬀered crossbar switch with M inputs
and outputs. In this switch model, there are M VOQs
at each input. A VOQ at input i that stores cells for
output j is denoted as VOQ i,j. A crosspoint element in
the buﬀered crossbar that connects input port i,w h e r e
0 ≤ i ≤ M −1, to output port j,w h e r e0≤ j ≤ M −1,
is denoted as XPi,j. The buﬀer at XPi,j is denoted as
XPBi,j, and it is considered of k-cell size,where k ≥ 1.
We consider that in a CICB switch each VOQ and its
corresponding XPB comprise a closed loop as shown in
Figure 1. In order to avoid overﬂow of XPBi,j, feedback is
needed to inform the VO Q i,j to control the sending data
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Fig. 1. Combine input-crosspoint buﬀered crossbar switch.
rate. Based on the similar concept of TCP windowing, we
use a frame size to control the VOQ’s sending rate. The
frame size is the amount of packets transferring into the
switch fabric [6],[7].
In TCP, the congestion window size, W(t), is increased
by one packet every time an acknowledgment is received
in a round trip time if no congestion is detected, and
is halved upon congestion detection. This additive-
increase multiplicative-decrease (AIMD) behavior of TCP
has been modeled by the equation (1) and (2) in [2]:
˙ W(t)=
1
R(t)
−
W(t)W(t−R(t))
2R(t−R(t))
p(t−R(t)), (1)
where W is the average TCP window size (packets), R0(t)
is the round-trip time (secs).
In a network topology of N homogeneous TCP sources
and one router, the equation for the queue dynamics is
given as:
˙ q(t)=
W(t)
R(t)
N(t)−C, (2)
where q is the average queue length (packets), C is link
capacity (packets/sec) and N is the load factor. After
linearization of (1) and (2), we have the transfer function
of the target plant:
P(s)=
C2
2N
(s+ 2N
R2
0C)(s+ 1
R0)
. (3)
To use this analogy in a CICB switch, some parameters
need to be adapted. W is the average VOQ frame size,
C is the arbitration serving rate of an output port (pack-
ets/sec). Since in each closed loop of VO Qand its corre-
sponding XPB there is only one session, so the load fac-
tor is N=1. The minimum service rate to provide 100%
throughput that one crosspoint buﬀer receives under uni-
form traﬃci s C
M,w h e nR0 can be negligible and XPB
size k ≥ 1. In this paper, we consider a large R0 value,
where k
R0 is not necessarily 1. The minimum data rate of
a ﬂow that can be handled by this switch under uniform
traﬃci s C
M
k
R0.
We discuss the feedback control on the following equation.
The plant transfer function P(s)i s :
P(s)=
C2k2
2M2R2
0
(s+ 2M
R0Ck)(s+ 1
R0)
. (4)
Kp Delay P(s)
q q
+ _
0
Fig. 2. Block Diagram of P control in a VOQ-XPB closed loop.
We use P control for the ﬂow control in a CICB switch.
Figure 2 shows the block diagram of the P control in the
VOQ-XPB closed loop. The feedback signal is the regu-
lated output (crosspoint buﬀer occupancy) multiplied by
a gain factor Kp.
The nominal loop transfer function of the proportional
controller case is:
L(s)=
Kp
C2k2
2M2R2
0e−sR0
(s+ 2M
R0Ck)(s+ 1
R0)
. (5)
We can take the loop’s unity-gain crossover frequency as
the geometric mean of corner frequency:
wg =
s
2M
R2
0Ck
(6)
and choose Kp to make |L(jwg)| = 1. The phase margin
(PM) 1 is
1 Phase margin, as a relative stability indicator for both discrete-
time and continuous time system, is deﬁned in terms of the system
open-loop frequency response [8].
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Phase margin and the ratio of crosspoint buffer size and
round-trip time
k k/R0 PM
10 1
10 -54.85◦
20 1
5 -12.43◦
25 1
4 -1.62◦
30 1
3 6.36◦
40 2
5 17.59◦
50 1
2 25.23◦
100 1 44.19◦
PM=1 8 0−arctanwgR0 −arctan
wgR0Ck
2M
−
180
π
wgR0.
(7)
Let’s consider the following example.
Example 1: Consider the following setup in a CICB
switch. C=3750 packets/s, M=32, R0=0.0246 s, and the
value of k is the crosspoint buﬀer size in time slots.
Since C=3750 packets/s, one time slot is 0.267 ms. For
example, k is 10-packet long, or k=2.67 ms.
Assume that the round-trip time is ﬁxed. When the cross-
point buﬀer size increases, the system’s phase margin in-
creases as Table I shows. However, when crosspoint buﬀer
size decreases to a value where k
R0 ≤ 1
4, the system be-
comes unstable. 2
To support large R0 in a buﬀered crossbar switch, the
crosspoint-buﬀer size need to be large enough, such that
up to R0 cells can be buﬀered. However, the memory
amount that can be allocated in a chip is limited. In this
example, when k
R0 ≥ 1
3,t h eﬂow control system is stable.
III. DESIGN OF AN INPUT SHAPER
Kp Delay P(s)
q q
_ +
Input
shaper
0
Fig. 3. Block Diagram of P control with input shaper in a
VOQ-XPB closed loop.
For the purpose of the ﬂow control in a CICB switch,
t h ec o n t r o l l e rm u s th a v ea na c c e p t a b l et r a n s i e n tr e s p o n s e
such that the crosspoint buﬀer occupancy can converge
2 In most cases, a positive phase margin will ensure stability of
the closed-loop system [8].
to a target value q0 in a short time. A short transient
response time is important to the ﬂow control in a CICB
switch.
In order to obtain a short transient response, we add an
input shaper to the closed loop system. The input shaper
is a feed-forward pole-zero cancelation method. Ideally,
the input shaper uses its zeros to cancel the poles of a
target system. Therefore, a good performance is obtained
[11].
The input shaper might be designed as a step function. In
our case, the step function is used to set up the value of q0
and also the time to apply q0 into the closed-loop system.
Each step function has a step response. We use two step
functions to cancel the two-pole system’s overshoots. The
key point is how to put these two step functions together.
We show this combination with the following example.
Example 2: Consider the following setup in a CICB
switch. C=3750 packets/s, M=32, R0=0.00801 s, and
the value of k is 0.00267 s, the ratio k
R0 =1 /3.
The closed-loop system can be regarded as a second-order
system by approximation [12]. The transient response is
shown in Figure 5. Because the system is underdamped,
there are some oscillations before the crosspoint buﬀer oc-
cupancy converges to q0. The maximum overshoot value
qmax is measured as qmax = 15, the steady state value of
queue occupancy qss is measured as qss =1 0 .
With the following equations, we can obtain the step value
and step time for each step function.
V =
qmax −qss
qss
=0 .5( 8 )
The step value for the ﬁrst step function is:
A1 =
1
1+V
(9)
The step value for the second step function is:
A2 =1−A1 (10)
exp(−
ζπ
p
1−ζ2)=V. (11)
From (11), the damping factor ζ is obtained as 0.2154.
Since ζ is less than 1, the system is underdamped. Then,
the time interval between the ﬁrst step function and the
second step function is obtained.
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In summary, if the target crosspoint buﬀer occupancy is
q0, with a design of an input shaper, we ﬁrst generate
a step function whose step value is q0 ×A1,a n di t ss t e p
time is 0. The step value of the second step function is
q0 ×A2 and its step time is ∆T. N o w ,w eg e tt h ei n p u t
shaper. Before being input to the proportional control
system as Figure 2 shows, q0 is shaped by the two step
functions. That is why we call the two step functions
an input shaper. Figure 4 shows the block diagram of a
P control with input shaper. As Figures 5 and 6 show,
with an input shaper, the transient response time can be
improved by almost 40%.
We show the simulation result for a Proportional-Integral
(PI) control with input shaper and its comparison with
the PI control without input shaper. Figure 7 shows the
block diagram of a PI control with input shaper. As Fig-
ures 8 and 9 show, we can obtain the similar result as the
above P control such that the transient response time can
be improved by almost 40%.
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Fig. 4. Diagram of a P control with input shaper.
IV. CONCLUSIONS
In this paper, we analyzed an AQM-based ﬂow-control
mechanism for CICB switches. We investigated the sta-
bility margin by analyzing the relationship between the
crosspoint buﬀer size and the round-trip time. We show
that when k
R0 ≥ 1
3 in our experiments, the ﬂow control
system is stable. This may provide a guideline on how
to choose the crosspoint buﬀer size under non-negligible
round trip times. Also, we improved the system’s tran-
sient response time by almost 40% when adding an input
shaper to the closed-loop system.
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